In Brief
Guan et al. unravel the mechanism of adaptation to chronic stress that encompasses previously unappreciated remodeling of the translation initiation machinery guided by PERK. These changes in the translation machinery are coordinated with stress-induced transcriptional reprograming and, when disrupted, result in a foamy cell phenotype and cell death.
SUMMARY
The integrated stress response (ISR) is a homeostatic mechanism induced by endoplasmic reticulum (ER) stress. In acute/transient ER stress, decreased global protein synthesis and increased uORF mRNA translation are followed by normalization of protein synthesis. Here, we report a dramatically different response during chronic ER stress. This chronic ISR program is characterized by persistently elevated uORF mRNA translation and concurrent gene expression reprogramming, which permits simultaneous stress sensing and proteostasis. The program includes PERK-dependent switching to an eIF3-dependent translation initiation mechanism, resulting in partial, but not complete, translational recovery, which, together with transcriptional reprogramming, selectively bolsters expression of proteins with ER functions. Coordination of transcriptional and translational reprogramming prevents ER dysfunction and inhibits ''foamy cell'' development, thus establishing a molecular basis for understanding human diseases associated with ER dysfunction.
INTRODUCTION
The endoplasmic reticulum (ER) is the cytoplasmic organelle involved in the synthesis and folding of proteins. Accumulation of unfolded proteins in the ER leads to ER stress, which triggers the unfolded protein response (UPR) (Walter and Ron, 2011) . Numerous pathologies, including diabetes, neurodegenerative disorders, obesity, cancer, and deafness, are characterized by ER dysfunction (Wang and Kaufman, 2016) . The integrated stress response (ISR) is an integral part of cellular responses to diverse stresses, including those affecting the ER. During acute/transient ER stress, the first ISR program encompasses PERK kinase-driven translational reprogramming caused by phosphorylation of the translation initiation factor eIF2a subunit (eIF2a-P) and inhibition of eIF2B guanine nucleotide exchange factor (GEF) activity (Pakos-Zebrucka et al., 2016) . This attenuates eIF2 and ternary complex (TC) recycling, impedes initiator Met-tRNAi Met delivery, and reduces global translation (Hinnebusch, 2014; Sonenberg and Hinnebusch, 2009 ). Decreased eIF2B GEF activity and limited TC levels result in preferential translation of a subset of mRNAs with inhibitory upstream open reading frames (uORFs) in their 5 0 UTRs, including mRNAs encoding transcriptional stress-response regulators (e.g., ATF4). The second ISR program is characterized by induction of GADD34 and recovery of global translation (Novoa et al., 2003) . GADD34 is recruited to the PP1 phosphatase, which dephosphorylates eIF2a-P, restores eIF2B GEF activity, and increases TC levels to reprogram translation to the ''unstressed'' mode. This allows efficient translation of mRNAs that were transcriptionally induced, while shutting down translation of the uORF-containing mRNAs. Restoration of eIF2B GEF activity and protein synthesis signifies termination of the acute ER stress response (Pakos-Zebrucka et al., 2016) . The UPR also involves two ISR-independent arms whereby the transcription factors XBP1s and ATF6 increase expression of genes involved in proteostasis. Significant crosstalk between the ISR and non-ISR arms of the UPR exists, where it is thought that ISR controls the amplitude of the non-ISR component (Majumder et al., 2012; Teske et al., 2011 ). eIF2B plays a major role in adaptation to acute ER stress: decreased eIF2B activity induces the first ISR program while recovery of eIF2B activity allows transition to the recovery phase. In contrast to acute ER stress, chronic ER stress is a disease-relevant condition in multicellular organisms (Wang
